Introduction
During the past decade, structures with Si nanocrystals (nc-Si) embedded in SiO 2 have attracted much attention due to their potential application to Si-based optoelectronic devices. Several methods have been used to fabricate Si-rich SiO 2 layers including plasma enhanced chemical vapor deposition (PECVD), E-beam evaporation, sputtering and Si ion implantation 1 . The most intriguing technique is the PECVD deposition associated with subsequent heat treatment to precipitate nc-Si. Recently, a fundamental transition modulated by quantum confinement effects and electron-hole-pairs recombination taken place in the core of the nanocrystal have been reported, while the photoluminescence (PL) emission consists of an intense and wide emission peaking in the near-infrared or visible spectrum. 2 However, only a few reports of the relation between the optimum annealing time, nc-Si size and the decay lifetime of nc-Si are studied. In this work, the continuous-wave (CW) and time-resolved (TR) PL properties of thermal annealed nc-Si that show luminescence in the near-infrared spectrum are studied. The optimum annealing time at the temperature of 1100 o C and the SiN 2 /N 2 O flowing ratio are obtained.
The transmission electron microscopy (TEM) results of the nc-Si after thermal annealing are demonstrated. The decay lifetimes of nc-Si after different annealing times are also characterized.
Experement
A 2600Å-thick SiO 2 film was grown on (100)-oriented n-type Si substrate with resistivity of 4-7 Ω-cm using plasma enhanced chemical vapor deposition (PECVD) with SiH 4 of 60 sccm and N 2 O of 120 sccm under pressure and forward power of 400 mTorr and 200 W, respectively. The silicon substrate was held at 350 o C in the duration of the deposition process. To obtain the optimum SiH 4 /N 2 O ratio, the flow of N 2 O was also controlled from 100 sccm to 135 sccm. The Si-rich samples were encapsulated annealing in quartz furnace with N 2 atmosphere at 1100 o C from 0.5 hr to 3 hrs, which helps the precipitation of nc-Si in Si-rich SiO 2 layer. The thickness of the SiO 2 layer which contains nc-Si structures was determined by the α-step measurement after an etching process, using a buffered oxide etching solution (BOE, NH 4 F:HF = 6:1 with an etching rate of 100 nm/sec). The room-temperature CWPL of the SiO 2 :Si + pumped by He-Cd laser at wavelength and average power intensity of 325 nm and 5 W/cm 2 , was analyzed with a photon counting system, which includes a fluorescence spectrophotometer (Jobin Yvon, TRIAX-320 with wavelength resolution of 0.06 nm and a photomultiplier (Jobin Yvon, Model 1424M). The pumping laser was focused and the working distance between the focusing lens and the sample was fine-tuned to obtain the highest PL intensity. In TRPL experiment, the nc-Si sample was pumped by a sub-nanosecond diode laser (PicoQuant, LDH-P-C-375) at wavelength and repetition rate of 375 nm and 40 MHz, and was analyzed by a time-correlated single-photon counting system (Edinburgh Instruments, Model FL920) at wavelength of 750 nm. The bright-field cross-section viewing photograph was taken by using TEM (JEOL 4000EX) operating at 400 keV with a point-to-point resolution of 0.18 nm. 
3.Results and Discussions
In order to obtain the optimum -634 -
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pp. 634-635 3 hrs, the PL spectrum of the sample deposited under the N 2 O flow of 120 sccm are shown in the Fig. 2 . The inset figure in Fig.2 shows the peak PL wavelength and peak intensity as a function of the annealing time. The optimum annealing time at 1100 o C annealing temperature is 2 hrs. After 3-hr annealing, the PL intensity decreases and the PL intensity is almost as same as that after 1-hr annealing. Moreover, the peak wavelength after 3-hr annealing red-shifts to the longer wavelength that that of 1-hr annealing sample.
According to the quantum confinement effect, the energy of the luminescence becomes smaller with the smaller nc-Si size. Since the more required energy and the constant excess Si density, the Silicon clusters, after 3-hr annealing, become larger and the total density of nc-Si becomes lower than that after 2-hr annealing. On the other hand, some nc-Si structures also regrowth the SiO 2 structure and then the PL intensity becomes lower. In order to demonstrate and support the existence of the nc-Si, TEM analysis was performed as shown in Fig. 3 . The distance between two (111)-oriented planes of 0.63 nm observed from a Si substrate is employed as a standard length in the TEM photograph. According to this standard the geometric size of the nc-Si is able to be calculated. In Fig. 3 , the TEM image of nc-Si with a smaller plane-to-plane distance can be observed. The layer distance of the (220)-oriented planes in the nc-Si structure is determined as 0.19 nm. The diameter of the nc-Si in Fig. 3 is about 4 .5 nm. The average sizes of the nc-Si in samples after different annealing times are calculated as shown in Fig. 4 . Between 1-hr and 2.5-hr annealing duration, the size of the nc-Si becomes almost the same and the value of the full width with half maximum becomes smaller. The increasing trend of the average nc-Si size is as same as the increasing of the peak wavelength. The decayed lifetimes of nc-Si after 1-hr and 2-hr annealing are 19 ns and 7 ns, respectively, and are shown in τ n are the intensities and lifetimes for corresponding defects.
Conclusions
In conclusion, the CWPL and TRPL properties of thermal annealed PECVD-grown nc-Si samples that show luminescence in the near-infrared spectrum are studied. The optimum annealing time at the temperature of 1100 o C and the SiN 2 /N 2 O flowing ratio are 2 hrs and 0.5, respectively. The TEM result of the nc-Si after 2-hr thermal annealing is about 4.5 nm. The decay lifetimes of nc-Si after 1-hr and 2-hr annealing are 19ns and 7 ns, respectively.
